There is evidence that even mild hyperthermia may exacerbate brain injury. There seem reasonable grounds for considering patients undergoing craniotomy as 'at risk' for brain injury. A retrospective observational study was undertaken to measure the incidence of mild hyperthermia in craniotomy cases in which the patient was initially normothermic. Auckland City Hospital's database of electronic anaesthetic records was searched for adult patients who were normothermic (≤37°C) prior to undergoing craniotomy procedures. For each case, demographic data, intraoperative naso-or oropharyngeal temperature measurements, and paracetamol use were extracted. We identified the proportion of patients whose temperature rose to exceed normal (>37°C) and further subdivided that group into the proportion in whom the temperature rose to ≥38°C. Two thousand, nine hundred and thirty-five craniotomy cases began their operations while normothermic and had adequate temperature data collected. There were 984 (33.5%) cases that had at least one temperature reading >37°C, for a mean (standard deviation [SD]) time of 66.0 (64.6) minutes, and 49 (1.7%) cases that had at least one reading ≥38°C for a mean (SD) time of 40.4 (38.1) minutes. The majority (77.8%) who became mildly hyperthermic remained so at the end of the procedure. New mild hyperthermia occurs commonly during craniotomy. In view of the compelling evidence of potential harm arising from mild hyperthermia in brain injury, these findings suggest an opportunity for practice improvement in the anaesthetic management of craniotomy patients. Reasonable steps should be taken by anaesthetists to avoid intraoperative hyperthermia of any degree.
Intraoperative hypothermia and hyperthermia are both potentially detrimental to patients; hypothermia is by far the most common thermoregulatory disturbance encountered during general anaesthesia (GA), but depending on context, hyperthermia can be the most detrimental condition per degree of temperature variation from the normal range 1 . This is particularly the case in the setting of head injury or an otherwise compromised brain.
There is abundant evidence that even mild cerebral hyperthermia could be associated with worse outcomes in brain injury [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Although causation cannot be confidently inferred, a meta-analysis of 14,431 patients with stroke and other brain injuries in an intensive care setting concluded that fever is consistently associated with worse outcomes across multiple measures 19 . Every included study reported a lower mortality in the normothermic population 19 . It follows that close attention to avoiding hyperthermia is appropriate in the management of patients at risk of brain injury.
Reasonable grounds exist for considering patients undergoing craniotomy as at risk of brain injury, and to be a cohort in which it would be prudent for anaesthetists to consider applying simple neuroprotective strategies, including the avoidance of hyperthermia. Data characterising intraoperative temperature management of these patients are lacking. We therefore undertook an observational study of intraoperative temperature management in craniotomy cases at Auckland City Hospital (ACH) from 2005 to 2013. The primary outcome measure was the incidence of hyperthermia (>37°C) in a cohort of patients who were normothermic (≤37°C) at the commencement of anaesthesia.
Methods
Ethics approval was granted from the New Zealand Health and Disability Ethics Committee (12/NTA/74) and institutional approval was granted by the Auckland District Health Board. This was an observational, retrospective, single-centre study (A+6039). Data from 25 May 2005 to 3 September 2013, were obtained from the adult general and acute operating theatres at ACH, a major neurosurgical centre. Craniotomy cases were identified using a fuzzy text search ('[Cc]rani') of the operation description field within an electronic database of anaesthetic records (Safer Sleep, LLC, Nashville, TN, USA). The surgical descriptors for all cases identified by the search were checked to ensure that the text search did not inappropriately select any non-craniotomy cases.
It was usual practice to initiate temperature monitoring almost immediately after induction and securing of the airway using a nasopharyngeal thermistor in the majority of cases, though oropharyngeal or bladder thermistors were used in some cases. We did not attempt to distinguish between measurement techniques in this study because the choice of method was not reliably recorded in the database. The SAFERsleep® system continuously recorded temperature data every 30 seconds throughout each case.
Temperature data were extracted from each relevant anaesthetic record on the SAFERsleep database and values above 40°C or below 30°C were removed as likely representing artefact. Cases with less than four valid temperature recordings or a gap in recording of more than one hour were removed. The initial two temperature readings were then used to determine if each patient was normothermic (both these values had to be ≤37°C) at the start of the case. Cases with a temperature >37°C on either of the first two readings were removed.
Among the patients included, subsequent hyperthermia was then liberally defined as a temperature greater than 37°C. This was consistent with the lower definition of fever used in the meta-analysis performed by Greer et al (2008) 19 . In calculating the incidence of hyperthermia, patients were then stratified into those whose temperature was between 37.01°C and 37.99°C, and those whose temperature rose to ≥38°C. For each patient, an index of hyperthermia exposure (expressed as degree-minutes) was calculated by integrating the magnitude of hyperthermia and time. For those patients who became hyperthermic during the operation, we calculated the proportion whose temperature had returned to normal (≤37°C) just prior to transfer to the post-anaesthesia care unit. For each case paracetamol use and demographic data were also extracted. All data were de-identified.
Statistical analysis
Differences in paracetamol use among groups of patients who remained normothermic or who became hyperthermic were analysed using analysis of variance or chi-square test in software R version 3.1.2 (R Foundation for Statistical Computing, Vienna, Austria).
Results
From 82,935 surgical cases in the database we identified 3,326 craniotomy cases. Of these, 3,162 had at least one channel of temperature recording (164 [4.9%] had no temperature recording). There were 3,157 cases which had at least four temperature measures; however, 13 cases were removed because there was a gap of one hour or more in the data and so it was unreliable. This left 3,144 cases for analysis. Of the 3,144 cases, 2,935 started normothermic (the first two temperature values were less than or equal to 37°C). The distribution of initial temperatures (based on the lowest of the first two readings) is shown in Figure 1 and the derivation of our initial patient cohort is summarised in Figure 2 .
Of those patients who started normothermic, 1,902 never went above 37°C. There were 984 (33.5%) patients who had at least one temperature reading >37°C, for a mean (standard deviation [SD]) time of 66.0 (64.6) minutes, and an additional 49 (1.7%) patients who had at least one reading ≥38°C for a mean (SD) time of 40.4 (38.1) minutes (see Table 1 ). The majority (77.8%) who became hyperthermic remained so at the end of the procedure. The cumulative frequencies of the maximum recorded temperatures of all patients who had an initial temperature recording ≤37°C on initial measurement are shown in Figure 3 .
The demographic data and percentage of cases where paracetamol was administered for each temperature range are shown in Table 2 . There was no significant difference in the proportion of patients receiving paracetamol in the three temperature groups (χ 2 P-value = 0.47).
Discussion
We have shown that more than one-third of patients who are initially normothermic after induction of anaesthesia for craniotomy become at least mildly hyperthermic during the intraoperative period. Thirty-four percent of patients exhibited temperatures between 37.01°C and 37.99°C intraoperatively and 1.7% exhibited temperatures greater than or equal to 38°C. The time spent above 37°C was highly variable (but averaged over one hour). We have estimated the extent of hyperthermic exposure in degree-minutes to capture some sense of the total exposure to this potentially harmful deviation from normal. We acknowledge that this metric may not be prognostic; for example, short exposures to very high temperatures might be more injurious than longer exposures to a mild elevation of temperature.
We are not aware of any other studies reporting similar data in relation to anaesthetic management, but these results are consistent with those reported in a much smaller study of 106 brain-injured intensive care patients in whom temperatures above 37.0°C were often seen 20 . Indeed, 62% of temperature measurements made over the first 24 hours of admission were ≥37.0°C, 43% were ≥37.5°C and 34% were ≥38°C 20 .
We have focused on degrees of hyperthermia that may seem trivial at first glance. However, we believe this is justified by a strong signal in the literature that even mild hyperthermia can be a profound disadvantage to the compromised brain. For obvious reasons, the most precisely controlled and revealing experiments have been conducted in animal models. For example, using a murine model of global ischaemia, Minamisawa et al 17 demonstrated that 1°C to 2°C of peri-ischaemic hyperthermia markedly increased histopathological brain damage. Using a similar model, Dietrich et al 5 demonstrated that one degree of cerebral hyperthermia increased the extent and severity of brain damage at one day after an ischaemic insult. Similarly, Warner et al 18 demonstrated that cortical infarct volumes following middle cerebral artery occlusions were more than doubled in rats experiencing 1°C to 2°C of cerebral hyperthermia. Interpretation of murine models can be confusing because 38°C represents cerebral normothermia in these animals 18 , but the same results are seen in other animal models whose thermostat more closely resembles humans. For example, using a canine model of global cerebral ischaemia, Wass et al 15 demonstrated a graded increase in brain injury (measured using both histopathological and functional evaluations) with 1°C and 2°C of hyperthermia above 37°C.
Although it is impossible to conduct similar experiments in humans, there is considerable circumstantial evidence from observational studies that mild hyperthermia is harmful to the injured brain in certain clinical settings. Reith et al 16 conducted a prospective study of 390 stroke patients admitted to hospital within six hours following stroke. They found that body temperature on admission was independently related to the initial severity of the stroke, and to infarct size, mortality and outcome in survivors. Hyperthermia (defined as a temperature greater than 37.5°C) was associated with a 10% to 20% greater likelihood of death or residual severe symptoms (evaluated using the Scandinavian Stroke Score) at every level of severity on admission, except mild. For each 1°C increase in body temperature, the relative risk of a poor outcome rose by 2.2 17 . In cardiac surgery patients Grocott et al 8 demonstrated that a high postoperative temperature was associated with greater cognitive impairment six weeks after surgery. Similarly, Grigore et al 2 demonstrated that cardiac patients who were rewarmed more slowly at the end of cardiopulmonary bypass exhibited less cognitive impairment at six weeks. Rapid rewarming has been shown to result in brain temperatures exceeding 37°C. Greer et al 19 undertook a meta-analysis evaluating the impact of fever on patients in the neurocritical care unit. After controlling for severity of illness, diagnosis, age, and complications, fever (whose definition was variable between studies, but fever was always considered to exist if the temperature was 38°C or higher) was found to be strongly associated with higher mortality, worse outcome in survivors, and an increased length of intensive care unit (ICU) and hospital stay.
We acknowledge the difficulty in interpreting associations between mild hyperthermia and adverse neurological outcomes reported in human studies. Specifically, it is not possible to determine whether hyperthermia caused poor outcomes or whether other causes of poor outcome provoked the hyperthermia. Moreover, in the human studies cited it is possible that exposure to hyperthermia was more prolonged than the exposures we report here. Nevertheless, considered collectively, the in vivo and human literature makes a persuasive case that mild hyperthermia disadvantages the injured brain. We also acknowledge that the majority of the data we have cited above, particularly from the animal studies, relates to brain injuries that are severe and evolving in comparison to the clinical neurosurgery scenario we have investigated where most cases are not challenged by such severe injury. Nevertheless, it seems undeniable that the potential for brain injury during neurosurgery exists, and there is therefore a compelling argument for avoiding modifiable risk factors for brain injury (such as mild hyperthermia) in this setting. On this background, our finding that 35.2% of patients developed mild hyperthermia after induction of anaesthesia for craniotomy is concerning, not least because hyperthermia should be preventable in most cases. Thermoregulation is altered under general anaesthesia by a variety of mechanisms but the most common thermodynamic change is heat loss secondary to radiation 1 . Anaesthesia causes vasodilation which redistributes body heat to the peripheral tissues and increases the potential for heat loss to the environment. For this reason, anaesthetists commonly actively heat patients using devices like forced-air warming blankets and fluid warmers to prevent hypothermia. However, during neurosurgery the patient is covered by full-body sterile drapes and the potential for heat loss from the small surgical field is minimal. The patients may actually become warm rather than cold, and the anaesthetist may need to use cool fluids, administer paracetamol, and exercise the option of using a forced-air warmer to blow cool air under the drapes in order to maintain normothermia.
Under these circumstances, we believe that hyperthermia in a previously normothermic patient is often the result of suboptimal aspects of anaesthetic management such as injudicious use of warming devices, or failure to invoke available options to maintain normothermia (though see the limitations on drawing related conclusions below). In the latter regard, it is notable that the use of paracetamol was not more prevalent in hyperthermic patients-even those with temperatures 38°C and above.
This study has several strengths. It is based on objectively measured data from a large cohort of craniotomy patients. There were relatively few cases in which data collection was inadequate. The results represent real-world practice and are unaffected by the practice bias that can be introduced if practitioners are aware of observation in a prospective study. Other than a much smaller study conducted in the Australia/ New Zealand intensive care setting 20 , we can find no other studies that address this issue.
The study also has several potential limitations. First, this was a single-centre study and it cannot be assumed that these results can be generalised to all similar institutions. Nevertheless, ACH is a quaternary neurosurgical referral centre with a large cohort of neuroanaesthetists whose training has been completed in multiple institutions and nations-particularly in New Zealand and Australia, but also Europe and the Americas. There are no relevant institutional policies that would have compelled anaesthetists to manage patient temperature in the same way. It would therefore be surprising if these results were not representative of regional (if not worldwide) practice.
Second, we have not attempted to relate neurological outcomes to the occurrence of hyperthermia in our cohort of patients. The interpretation of outcomes in relation to particular risk factors would be very difficult in a large retrospective study of this nature, and any attempt to attribute adverse outcomes to hyperthermia would inevitably be criticised as conflating association with causation. Moreover, we would argue that the case for avoiding hyperthermia in managing patients with a compromised brain is already adequately established by the existing evidence. Our data constitutes a reminder that more attention could be paid to this matter.
Third, we acknowledge that nasopharyngeal, oropharyngeal and bladder temperatures are not necessarily accurate indicators of cerebral temperature, particularly in situations where temperature is rapidly changing 21 . However, we believe that in neurosurgical cases, where temperatures change slowly, these modalities represent reasonable and pragmatic solutions to estimating brain temperature. It is possible that some of the individual measurements might have been artefactual, but this is unlikely to be a common explanation for the more prolonged periods of hyperthermia seen in this study, given that temperature recordings occurred every 30 seconds. Prolonged errors in temperature recording, due to a displaced thermistor for example, would be much more likely to incorrectly show hypothermic measurements.
Fourth, we were not able to reliably search the database to quantify the use of temperature management strategies such as forced-air warmers, other than administration of paracetamol. Thus (for example) we cannot be sure whether cases of hyperthermia occurred because of injudicious use of forced-air warming strategies or, at the opposite extreme, despite vigorous attempts by the anaesthetist to lower temperature. In the latter regard, neurosurgery and evolving brain injury may cause reactive or neurogenic hyperthermia 22 and frustrate attempts by the anaesthetist to maintain normothermia.
In conclusion, new mild hyperthermia occurs commonly during craniotomy. In view of the compelling evidence of potential harm arising from mild hyperthermia in brain injury, these findings suggest an opportunity for practice improvement in the anaesthetic management of craniotomy patients. Anaesthetists managing neurosurgical patients should monitor temperature carefully and take all practicable steps to avoid intraoperative temperatures greater than 37°C.
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